We observed with the Jansky Very Large Array at 3.6 and 1.3 cm a sample of 11 proto-brown dwarf candidates in Taurus in a search for thermal radio jets driven by the most embedded brown dwarfs. We detected for the first time four thermal radio jets in proto-brown dwarf candidates. We compiled data from UKIDSS, 2MASS, Spitzer, WISE and Herschel to build the spectral energy distribution (SED) of the objects in our sample, which are similar to typical Class I SEDs of young stellar objects (YSOs). The four proto-brown dwarf candidates driving thermal radio jets also roughly follow the well-known trend of centimeter luminosity against bolometric luminosity determined for YSOs, assuming they belong to Taurus, although they present some excess of radio emission compared to the known relation for YSOs. Nonetheless, we are able to reproduce the flux densities of the radio jets modeling the centimeter emission of the thermal radio jets using the same type of models applied to YSOs, but with corresponding smaller stellar wind velocities and mass-loss rates, and exploring different possible geometries of the wind or outflow from the star. Moreover, we also find that the modeled mass outflow rates for the bolometric luminosities of our objects agree reasonably well with the trends found between the mass outflow rates and bolometric luminosities of YSOs, which indicates that, despite the "excess" centimeter emission, the intrinsic properties of proto-brown dwarfs are consistent with a continuation of those of very low mass stars to a lower mass range. Overall, our study favors the formation of brown dwarfs as a scaled-down version of low-mass stars.
1. INTRODUCTION A crucial question that has been at the core of recent vigorous discussions is that of the formation of brown dwarfs (BDs). It is generally accepted that BDs form by gravitational instability of a very low-mass dense core, on a dynamical timescale and with initial elemental composition similar to low-mass stars, as opposed to planet formation, which could happen by aggregation of a rocky core from smaller planetesimals, on timescales longer than a dynamical time, and with elemental composition with an overall deficit on light elements (Whitworth et al. 2007 ). On the other hand, the underlying mechanism responsible for the formation of the very low-mass dense cores that would form BDs is not clear yet, and several scenarios were proposed to interpret the different observational results (see e. g., Reipurth & Clarke 2001; Kroupa & Bouvier 2003; Umbreit et al. 2005; Whitworth et al. 2007; André et al. 2012) . After a major theoretical and observational effort during the last decade, statistical studies of low mass star forming regions essentially comparing the properties of low-mass young stars and BDs in the Class II/III stages (i. e., well after the main accretion phase, e. g., André et al. 1993) suggest that the dominant mechanism of BD formation is indistinguishable from that of low-mass stars (see e. g., Chabrier et al. 2014; Bayo et al. 2011 Bayo et al. , 2012 Scholz et al. 2012; Alves de Oliveira et al. 2013; Mužić et al. 2014) . This is also favored by hydrodynamical simulations that routinely form BDs as a result of molecular cloud evolution, simultaneously reproducing the observed ratio of BDs to stars and the observed initial mass function (IMF) (e. g., Bate 2012) . Thus, it seems that the dominant formation mechanism of BDs cannot be easily distinguished from that of low-mass stars, and the most promising mechanism is the fragmentation of turbulent clouds, which naturally form very low-mass dense cores due to the effects of turbulence (see Luhman 2012; Chabrier et al. 2014 , for reviews). However, up to now the turbulent fragmentation scenario is not yet directly supported by observations of deeply embedded BDs, what we call here 'proto-BDs', i. e., BDs in the stage equivalent to the Class 0/I stage of low-mass young stellar objects (YSOs) (André et al. 1993) , and the rest of the competing scenarios, mainly based on the halting of accretion of matter through ejection of protostellar embryos or disc fragments, and/or photo-erosion of pre-stellar cores, could still be possible (e. g., Stamatellos & Whitworth 2009; Bate 2012; Luhman 2012 ). In fact, there are only two cases in the literature of Class 0/I proto-BDs (Lee et al. 2013; Palau et al. 2014) , and further candidates are definitely needed in order to compare in a statistically significant base the properties of proto-BDs to the properties of low-mass YSOs. Since BDs are expected to form as a scaled-down version of low-mass stars in the the 'turbulent fragmentation' scenario, studying the properties of BDs in their most embedded phases of formation, and comparing their properties to the well-known relations established for low-mass protostars, should shed light on the formation mechanism of BDs.
The production of accretion-powered collimated ejections from the central protostellar object and disk is one of the processes characterizing the earliest phases of the evolution of high-, low-, and very-low mass YSOs (Lada 1985; Shepherd & Churchwell 1996; Li et al. 2014) . These mass ejections can be usually traced in different ways: as narrow, highly-collimated jets of atomic and/or molecular gas, with v ∼ 100−1000 km s −1 , observed from X-rays to mid-IR lines (Bally et al. 2007; Ray et al. 2007; Frank et al. 2014 ); or as less collimated but more massive molecular outflows with v ∼ 1 − 30 km s −1 , typically observed using molecular gas tracers like CO, HCO + or SiO at submillimeter/millimeter wavelengths. Another signpost of the ejection process is the presence of thermal radio jets, whose shock-ionized hydrogen atoms emit in the centimeter range with flat/positive spectral indices (e. g., Rodríguez 1998; Beltrán et al. 2001; Reipurth et al. 2002) . The centimeter emission of thermal radio jets in low-mass stars is thought to be free-free radiation produced by material (partially) ionized by the shock of the stellar wind with the surrounding gas (see e. g., Anglada 1995; Curiel et al. 1987) . Evidence for the connection between thermal radio jets and the wind from YSOs comes from the well-known trends between the centimeter luminosity and bolometric luminosity on one hand, and the centimeter luminosity and the momentum rate of the outflow on the other (e. g., Anglada 1995; Bontemps et al. 1996; Shirley et al. 2007 ; AMI Consortium et al. 2011a; Phan-Bao et al. 2014b) .
Several spectroastrometrically detected jets in BDs have been found in recent years (see e. g., Whelan et al. 2005 Whelan et al. , 2012 Joergens et al. 2012 Joergens et al. , 2013 Riaz et al. 2015) , and a few molecular outflows have been detected, and imaged, in BDs or proto-BD candidates at submillimeter/millimeter wavelengths (Phan-Bao et al. 2008 , 2014a Palau et al. 2014; Monin et al. 2013) . However, only very few Very Low Luminosity Objects (VeLLOs) and proto-BD candidates have been studied and detected in the centimeter range (André et al. 1999; Shirley et al. 2007; Palau et al. 2012 ), making it difficult to test whether or not proto-BDs follow the trend between centimeter luminosity and bolometric luminosity.
In this work, we present the results of the first search for thermal radio jets in a sample of proto-BD candidates. Sources were chosen from the sample of 12 proto-BD candidates selected by Barrado et al. (2009) and Palau et al. (2012) from Spitzer color-color and color-magnitude diagrams.
All these sources have red infrared colors and two of them (J041757 and J042118) were observed and detected at 350 µm with the Caltech Submillimeter Observatory (CSO) 10-m telescope, where we detected two (small) dust condensations associated with the Spitzer objects and condensations visible in Herschel maps at 160 and 250 µm, respectively. We derived a mass for the gas traced by the dust emission of 1-10 M J and 0.3-3 M J for J041757 and J042118, respectively. We also detected emission in J041757 at 3.6 and 6 cm in two VLA configurations, with a spectral index indicative of free-free thermal emission (Palau et al. 2012) . Unfortunately, problems with the calibration in the VLA-B configuration prevented us from having a good flux calibration for the resolved emission. Nonetheless, the source was an excellent candidate to have emission from a thermal radio jet, which was only pending to be confirmed with new observations. Additionally, we found an excess in blue-shifted emission, possibly indicating the blue wing of an outflow, around the position of J041757 in the IRAM 30-m spectra of the 12 CO (1-0) line. The spectral energy distributions (SEDs) that we could derive from the numerous multi-wavelength observations that our group had obtained (Barrado et al. 2009; Palau et al. 2012 ) allowed us to derive for our sources bolometric temperatures, T bol , of 150-280 K and 140 K, respectively, typical of Class I objects, and bolometric luminosities, L bol , 0.005 and < 0.0023 L , respectively, which would place them in the proto-BD regime. Palau et al. (2012) discussed the different possible types of objects that could be expected to explain the above observational data, but only the scenario of proto-BDs belonging to the Taurus Molecular Cloud consistently explains the properties of the emission ranging from optical, through IR to sub-mm wavelengths.
The structure of this paper is as follows: we describe the selected sample and the observations carried out with the JVLA in Section 2. Section 3 contains the results at 1.3 and 3.6 cm, the resulting spectral indices and the calculated SEDs of the objects of our sample. We discuss the nature of our objects in Section 4, where they lie in the centimeter luminosity vs. bolometric luminosity plot, how we can model their emission and how all the results affect the formation mechanisms of proto-BDs. Finally, Section 5 presents the conclusions of our work.
2. OBSERVATIONS 2.1. JVLA We observed 11 proto-BD candidates in Taurus at 1.3 and 3.6-cm with the Jansky Very Large Array (JVLA) of the National Radio Astronomy Observatory (NRAO) 12 . We selected the 11 sources in our initial sample that were associated with extended large scale emission in 250 µm maps of Herschel, and thus could be associated with gas and dust emission of the Taurus cloud. In Figure 1 , we overlay the position of each Spitzer source on the 250 µm maps of Herschel, showing that all the Spitzer sources fall in projection in regions of extended submillimeter emission, and several of them coincide with local emission enhancements at the position of the Spitzer source.
The 1.3-cm observations were carried out in 2013 June 10, while those at 3.6-cm were performed in 2013 June 15. The correlator was set-up to use 8 GHz bandwidth per polarization for dual polarization mode at 1.3-cm, and 2 GHz bandwidth at 3.6-cm. Both sets of observations used 27 antennas in the VLA-C configuration. We used J0336+3218 as gain calibrator and 3C147 as flux calibrator for both wavelengths. Each observing track was shared by all the sources in the sample. J041757, our best proto-BD candidate, was observed at the beginning and at the end of each track for a total on-source time of ∼ 8 min at 1.3 cm and ∼ 9 min at 3.6 cm. The rest of the targets were observed for approximately ∼ 5 min on-source time at 1.3-cm and ∼ 4.5 min at 3.6 cm. Pointing observations for the 1.3 cm data were done at the beginning and in the middle of the track, using the X band, on J0336+3218. The flux calibration observations on 3C147 at 1.3 cm were performed at the end of the track, using J0541+5312 as pointing source. The total observing time was 1h43min at 1.3 cm and 1h12min at 3.6 cm.
Calibration and data reduction were performed using the Common Astronomy Software Application (CASA) package (McMullin et al. 2007 ) from the raw visibility data downloaded from the VLA archive as CASA measurement sets and following NRAO guidelines for calibration and imaging. We produced images using the common uv-range at 1.3 and 3.6 cm to sample comparable spatial scales at both wavelengths, and additionally used different weightings (Briggs's robust parameter ranging from 2, natural weighting to −2, uniform weighting), so that the final beams at 1.3 and 3.6 cm are comparable. The average rms values are ∼ 16 µJy beam −1 for 1.3 cm and ∼ 30 µJy beam −1 for 3.6 cm. The average synthesized beam at 1.3 cm is ∼ 1.8 × 1.6 . At 3.6 cm, the average beams are ∼ 2.2 × 1.8 for uniform weighting and ∼ 3.1 × 2.5 for natural weighting.
Herschel Space Observatory
The Taurus molecular clouds were observed by the Herschel Space Observatory as part of the Gould Belt Survey (André et al. 2010) . A first set of observations was obtained in parallel mode using the PACS (at 70 µm and 160 µm) and SPIRE (250 µm, 350 µm, and 500 µm) instruments simultaneously. The complete list of observations used in this study is reported in Table 1 . More details about the observational strategy and depth of the maps can be found in André et al. (2010) . The data were pre-processed using the Herschel Interactive Processing Environment (HIPE, Ott 2010) version 12, and the calibration files version 65 for PACS and version 22.0 for SPIRE. The final maps were subsequently produced using Scanamorphos version 24.0 (Roussel 2013) , using its galactic option, as recommended to preserve large scale extended emission.
3. RESULTS 3.1. 1.3-and 3.6-cm emission We detected emission over 3σ at both 1.3 and 3.6 cm in five sources of our sample (J041757, J041847, J041913, J041938, and J042123); only at 1.3 cm in J041836; and only at 3.6 cm in J041726 and J041740. For the rest of the candidates and/or bands, we only find upper limits. Figure 2 presents the maps of the four sources in our sample that show slightly extended and faint (∼ 0.1 mJy beam −1 ) emission at 1.3 cm: J041757, J041836, J041847, and J041938. For these sources, we fitted a 2D Gaussian function, and report the position and deconvolved sizes in Table 2 . The typical deconvolved sizes are ∼ 3 × 2 , and the resulting positions of the sources match very well the position of the Spitzer sources, within the uncertainties. In addition, these four slightly extended 1.3 cm sources show weak and almost unresolved emission at 3.6 cm (except for J041836, not detected at 3.6 cm). Figure 3 shows the maps of the sources with unresolved emission. J041740 is detected at 4σ at 3.6 cm only, and is almost unresolved, while J041726 is just barely detected at 3.2σ at 3.6 cm. The sources J041913 and J042123 are clearly detected at both 1.3 and 3.6 cm, with intensity peaks between 0.3 and 0.9 mJy beam −1 , and signal-to-noise ratios ∼ 8-25. The emission from these last two unresolved sources is significantly more intense than the emission of the rest of the detected sources of our sample. The positions of these two sources also agree very well with the positions of the Spitzer sources.
Columns 9 and 10 of Table 2 list the peak intensities and flux densities calculated for all the detected sources (or the corresponding upper limits) measured inside the 1σ contour. The flux densities for the sources with partially resolved emission are between 0.09 and 0.15 mJy, while the two bright unresolved sources have larger flux densities by factors of 2 to 8.
Column 11 of Table 2 shows the calculated spectral indices from the flux densities measured in the detected sources of our sample. We calculate the spectral index, α as (Kraus 1986) 
where S ν is the measured flux density at a given frequency ν. For the sources with detection at only one frequency, we used an upper limit of 3σ for the flux density. The resulting spec- tral indices show that the four sources with faint and partially resolved 1.3-cm emission have spectral indices compatible with being > −0.1. The uncertainties in the determination of the spectral indices are relatively large, given the low S/N of most of the detections, which will only be improved with new and more sensitive observations. At the same time, the ratios between the flux densities at 1.3 and 3.6 and, in the case of J041757, an independent measure of the spectral index confirming the result of Palau et al. (2012) , indicate that it is unlikely that the spectral indices of these sources are significantly < −0.1. On the other hand, the spectral indices for the two point-like sources J041913 and J042123, and for J041740, are clearly negative, and remain < −0.1 even taking into account the associated uncertainties. J041726, which is barely detected at 3.6-cm, shows a positive upper limit for the spectral index, but in this case we only have an upper limit for the emission at 1.3 cm.
3.2. Spectral energy distribution of the sources In Figure 4 , we present the SEDs of the sources of our sample, built using UKIDSS, 2MASS (Skrutskie et al. 2006) , and WISE databases, and measuring the fluxes in Spitzer (IRAC and MIPS), and Herschel (PACS and SPIRE) archive images (see Section 2.2). We additionally included the measurements at 350 µm reported in Palau et al. (2012) , and the data presented in this work using the JVLA at 1.3 and 3.6 cm. All these data are listed in Appendix A. The Herschel fluxes were obtained via aperture photometry. The values used for the apertures, inner and outer annulus radii of the background ring are (in this order): 10 , 10 , 20 for all PACS bands, 20 , 20 , and 25 for SPIRE 250 and 350 µm, and 30 , 30 , 50 for SPIRE 500 µm. The corresponding aperture correction factors were applied. When no detection is present in the Herschel maps (after visual inspection), upper limits were computed as the standard deviation of several aperture photometry measurements performed around the source coordinates. There are no detections in any Herschel band for J041726, J041836, J041913, and J042019. Figure 4 shows that the SEDs are in general flat in the range 2-100 µm, or peaking around 100 µm in some cases, such as J041757, J041847, J041938 and J042118. Interestingly, out of the 4 sources with SEDs peaking around 100 µm, 3 have flat or positive spectral indices in the centimeter range. In order to estimate this in a more quantitative way, we calculated the bolometric temperatures, T bol (see Table 2 ), following Chen et al. (1995) , and find them to range from 126 K to 650 K for all the sample. Thus, most of the sources of our sample present SEDs comparable to Class I young stellar objects. Two of the sources where we detect thermal radio jets, J041847 and J041938, have the lowest values of T bol , with T bol < 150 K, which also suggests that they are probably Class 0/I sources. J041757 is also probably a young Class I object given the derived T bol = 226 K. We also calculated the bolometric luminosities, L bol (see Table 2 ), and find values ranging from 0.001 to 0.006 L , well within the proto-BD regime (according, e. g., to the evolutionary models of Baraffe et al. 2002) .
4. DISCUSSION 4.1. Nature of the objects We can divide the detected sources in two distinct classes according to the spectral index calculated from the 1.3-and 3.6-cm continuum emission. The sources that show intense and unresolved emission, or no emission at 1.3 cm, J041740, J041913 and J042123, have clearly negative spectral indices consistent with being originated by non-thermal synchrotron emission, α ∼ −0.6 (e. g., Bieging & Cohen 1989; Girart et al. 2002; Dzib et al. 2013 ). This emission is seen in T Tauri stars and radiogalaxies. In order to account for an extragalactic origin for our sources, we searched the VLA archive and the NRAO VLA Sky Survey (NVSS) (Condon et al. 1998) to check if there were any counterparts at longer wavelengths. We only found detections at several epochs of 21-cm radio continuum emission for J042123, which show a central object with two radio lobes on opposite sides of it, clearly tracing a radiogalaxy. We also searched the NASA Extragalactic Database for possible counterparts for our sources and only found J042123 to have an extragalactic counterpart, given the typical positional uncertainties in WISE and GALEX (< 1 ) and the positional uncertainties of our sources (determined from Spitzer/IRAC and the VLA, < 1 ). Thus, we classify J042123 as a radiogalaxy and do not consider it a proto-BD candidate any more. The classification of J041740 and J041913 remains unsettled due to lack of information.
On the other hand, the spectral indices for the four sources detected at 1.3 cm, with partially resolved emission, are compatible with flat or positive spectral indices, > −0.1 (already reported by Palau et al. 2012 for the case of J041757). These spectral indices are expected for optically thin (α ≈ −0.1) to partially optically thick thermal free-free emission. The origin of the thermal free-free emission in low-mass young stellar objects is usually related to shocks generated in an outflow (e. g., Curiel et al. 1989 a Obtained from fitting a 2D Gaussian function to the emission. b T bol is calculated from the SED following (Chen et al. 1995) and L bol is calculated integrating the SED, and assuming a distance D = 140 pc. For J041726, J041836, J04193 and J042019, which are not detected in any Herschel band, we estimated T bol and L bol using the upper limit of PACS at 70 µm, and considered the resulting T bol as a lower limit and the resulting L bol as an upper limit. c Flux densities were measured inside the 1σ contour of the emission. d Upper limit calculated as 3σ, where σ is rms of the map. e Calculated using an upper limit for the 1.3-cm flux density, Sν , S lim = 3σ, where σ is the rms of the map (Beltrán et al. 2001) . f Calculated using an upper limit for the 3.6-cm flux density, Sν , S lim = 3σA 0.7 , where σ is the rms of the map, and A is the source area in beam units estimated from the 1.3-cm observations (Beltrán et al. 2001) . g Given the classification of this object as a radiogalaxy, the L bol calculated from the SED is meaningless.
2002; Lynch et al. 2013) , and this kind of sources are designated as 'thermal radio jets'. The 1.3-cm emission from these four objects also shows a marginal degree of elongation, which supports the idea that the emission is originated in a jet emanating from the substellar object. Thermal radio jets from young stellar objects are more easily seen at the most embedded Class 0/I phases, and three of the four objects where we find thermal radio jets present T bol in the range 130-230 K, consistent with Class I phase T bol near the border with the Class 0 phase. Thus, the detection of partially elongated thermal emission from several objects in our sample makes these four objects excellent candidates to Class I proto-BDs. Figure 5 shows the centimeter luminosity at 3.6 cm measured in our JVLA observations versus the bolometric luminosity calculated from the SEDs of the objects of our sample associated with thermal radio jets and assuming that they belong to Taurus. We compare the results for our sample with the same variables measured for a sample of YSOs from Anglada (1995) and Shirley et al. (2007) , where we also include the values for known VeLLOs with detected 3.6 cm emission (André et al. 1999; Shirley et al. 2007) .
Centimeter vs. bolometric luminosity
In general terms, the results for our sample of proto-BD candidates follow the trend expected for YSOs, extending to L bol about one order of magnitude smaller. The relationship between the centimeter continuum luminosity and the bolometric luminosity of low-mass protostellar objects is interpreted to arise from the intrinsic relation between the stellar wind properties and the stellar mass. Since the stellar wind shocks against the surrounding high density material, ionizing the gas, more luminous young stellar objects are expected to have higher centimeter luminosity, due to stronger stellar winds and probably denser surrounding gas (see e. g., Curiel et al. 1987 Curiel et al. , 1989 . However, the centimeter luminosities of the thermal radio jets of our sample (red crosses) present a systematic excess of about an order of magnitude from the relation found for YSOs (dashed line in Figure 5 ). This excess seems to be significant because the plotted bolometric luminosity is an upper limit to the true luminosity of the object (better approximated by the internal luminosity, Di Francesco et al. 2007 ).
However, we must be careful with our interpretation. The detected 3.6-cm luminosities of the thermal radio jets in our sample are very close to the detection limit we estimate from the rms of the undetected sources in our sample. With our data, we cannot discard the possibility that we are only seeing the upper tip of the more brilliant radio jets of a population of proto-BDs, while we cannot detect the emission of weaker radio jets that would lie closer to the fit of Shirley et al. (2007) .
In order to account for this 'extra' centimeter emission, we discarded several mechanisms discussed in the literature, such as supersonic accretion onto a protostellar disk (Neufeld & Hollenbach 1996; Shirley et al. 2007 ), because they do not seem feasible at all for the masses and accretion rates of the Figure 4 . SEDs for the 11 proto-BD candidates studied in this work. For most objects, Herschel PACS detects a source. The objects with SEDs in red are those for which a thermal radio jet has been detected. The object with the SED in blue corresponds to an identified radiogalaxy, through 21-cm continuum NVSS archival data (see Section 4.1). S h i r l e y + 0 7 f i t Figure 5 . Centimeter luminosity at 3.6 cm vs bolometric luminosity. Blue and black dots correspond to the data compiled by Anglada (1995) and Furuya et al. (2003) , respectively, showing the relation for YSOs. Red plus signs correspond to the proto-BD candidates driving radio jets presented in this work. VeLLOs with detected 3.6 cm emission (André et al. 1999; Shirley et al. 2007 ) are shown as green squares. The horizontal black line indicates the typical detection limit from our 3.6-cm observations, calculated as the 3σ value of the typical rms of our 3.6-cm maps, ∼ 30 µJy beam −1 . The black dashed-line is the fit performed by Shirley et al. (2007) to the YSOs. The two brown dashed lines indicate the standard deviation of the fit obtained by Shirley et al. (2007) , calculated as (
BD regime. Similarly, it seems very unlikely that the four detected radio jets in our sample have a burst, at the same time, of a variable (non-thermal) component with respect to the quiescent (thermal) component as found in the VeLLOs L1014-IRS ) and IRAM04191 (Choi, Lee, & Kang 2014) . One possibility left is that the thermal radio jet or wind emanating from a proto-BD impacts against a medium with a higher density as compared to the case of low-mass star formation. This could be expected, as proto-BDs should not be highly efficient in creating cavities through the passage of their outflows. In Section 4.3, we use the same type of models used to reproduce the emission of thermal radio jets originating from low-mass YSOs and adapt them to the physical parameters of the BD regime, in order to explain the flux densities we detected for our thermal radio jets.
Models of emission
Here we explore theoretical models which have been used to explain the emission of thermal radio jets from low-mass YSOs. We use the models developed by Curiel et al. (1987) , González & Cantó (2002) and Rodríguez et al. (2012) in order to explain the observed radio-continuum emission (with thermal origin) from the sources of our sample. Curiel et al. (1987) calculated for the first time the radio-continuum emission (of thermal origin) produced by a plane-parallel shock wave. González & Cantó (2002) and Rodríguez et al. (2012) modeled the observed radio emission in low-mass stars as internal shocks, which are produced by intrinsic variability in the injection velocity, in a spherical wind and a bipolar outflow (with conical symmetry), respectively. We follow the approach of these authors to explore three possible geometries for the thermal emission detected in our sample of proto-BD candidates, since our observations are not able to fully resolve the geometry of the emitting region or to measure the degree of collimation of the thermal radio jets. We first calculate the emission produced by a plane-parallel shock wave in Section 4.3.1. We then apply the case of a stationary stellar wind with spherical symmetry in Section 4.3.2. Given that the partially resolved 1.3-cm emission maps show marginal elongations along a preferred direction, we also present in Section 4.3.3 the results of a variable conical wind model, collimated in a similar way as the YSOs winds. The assumed distance for all the models is D = 140 pc, the adopted distance to the Taurus cloud (Loinard et al. 2005 ).
4.3.1. Plane-parallel shock wave Curiel et al. (1987) developed an analytic model in order to calculate the free-free emission at radio frequencies produced in plane-parallel shock waves. These authors assumed that radiation is produced in the recombination zone, which is considered to be isothermal (T 10 4 K). The flux density is calculated using a correlation between the radio intensity and H β intensity from the recombination zone. From an application of the model to an astrophysical source with a circular geometry, the flux density at radio frequencies in the optically thin regime (τ ν 1, being τ the optical depth and ν the frequency) where n is the pre-shock density, V is the shock velocity, and θ is the angular diameter of the source. For shock velocities V ∼ 100 km s −1 , the number of ionizing photons per atom produced by the shock wave is φ ∼ 1 (see, for instance, Kang & Shapiro 1992) . When we applied the model of Curiel et al. (1987) to our proto-BD candidates, we chose a source with an angular diameter θ = 2 ( Table 2 ). The adopted wind parameters 13 The pre-shock density is calculated from the continuity equation, given the position of the shock wave with respect to the central source. Substitution of these values into Equation 2 gives the flux density S ν = 0.1 mJy at a frequency ν = 8.33 GHz.
Stationary stellar wind with spherical symmetry
Let us now consider a spherical stationary stellar wind characterized by an ejection velocity V 0 and mass-loss rateṁ. At t = 0, the wind velocity suddenly increases to the value aV 0 (with a > 1), while the mass-loss rate remains constant. This kind of variability was previously studied by González & Cantó (2002 , 2008 . Such variation in the wind parameters instantaneously produces (at the base of the wind) a two-shock wave structure (called a working surface) that propagates outwards over time with a speed V W S = a 1/2 V 0 . Note that this value is intermediate between the slow and faster wind velocities (see top panel of Figure 6 ).
If we assume that the working surface is thin enough to be described by a unique distance r W S = r W S (t), it is possible to determine the total optical depth τ W S = τ IS + τ ES of the shocked layer, where τ IS and τ ES are the optical depths of the internal and external shocks, respectively, that bound the working surface 14 . Then, we estimate the intensity emerging from each direction and calculate the flux density by integrating the intensity over the solid angle. That is,
where B ν (= 2kT e ν 2 /c 2 ) is the Planck function in the RayleighJeans approximation, and µ = cos θ, being θ the angle formed by each line of sight and the normal to the working surface.
The bottom panel of Figure 6 shows the results for a model for the radio continuum emission from a single working surface. The density fluxes were computed at frequencies ν =8.33 GHz (λ = 3.6 cm) and ν = 23.08 GHz (λ = 1.3 cm). We chose representative parameters for BD sources: i) a stellar wind with an initial ejection velocity, V 0 = 50 km s −1 , that suddenly increases to 200 km s −1 (a = 4); and ii) a constant mass-loss rateṁ = 1.0 × 10 −8 M yr −1 , an order of magnitude higher than the values derived from the measurements of Lee et al. (2013) and Palau et al. (2014) for two proto-BD candidates. Using these values, we obtain a working surface velocity V W S = 100 km s −1 , and consequently, shock velocities of V is = 100 km s −1 and V es = 50 km s −1 for the internal shock and the external shock, respectively. At the beginning, the working surface is optically thick at both wavelengths, and the flux grows as t 2 (since r W S ∝ t). When the shocked layer becomes optically thin (the transition time depends on the frequency as ν −1.05 ), the flux densities tend to constant values S 1.3 cm 0.075 mJy and S 3.6 cm 0.083 mJy, while the spectral index α 1.3−3.6 tends to −0.1. 13 Mass outflow rates measured in several Class II BDs range from 0.5-40 × 10 −9 M yr −1 (Phan-Bao et al. 2008 , 2011 , 2014a Whelan et al. 2014) ; while the only mass outflow rate measured for a possible Class I BD is 1 × 10 −9 M yr −1 Riaz et al. (2015) . Typical velocities measured for winds of embedded BDs range from 20 to 100 km s −1 (Joergens et al. 2012; Whelan et al. 2009a,b) . areṁ = 2 ×10 −9 M yr −1 and V = 100 km s −1 .
14 The optical depth of the shocks at radio frequencies has been estimated as τ = β n 0 V γ s ν −2.1 , where n 0 is the pre-shock density, Vs is the shock velocity, and β and γ are constants that depend on the shock velocities (González & Cantó 2002) . Rodríguez et al. (2012) . Bottom: Predicted flux densities at λ = 1.3 cm (dashed line) and λ = 3.6 cm (solid line) for a bipolar outflow with a sinusoidal ejection velocity. We assumed the following wind parameters: mean velocity Vw = 125 km s −1 , amplitude Vc = 75 km s −1 , oscillation frequency ω= 6.28 yr −1 (period P = 2π/ω= 1 yr), and constant mass-loss rateṁ = 5 × 10 −8 M yr −1 . The opening angle of the cones is θa = 45 • with an inclination angle θ i = 45 • .
Variable conical outflow
We also computed the free-free emission from a bipolar outflow with conical symmetry. We assumed that the opening angle of the cones is θ a , and the inclination angle between the jet axis and the plane of the sky is θ i . We show a schematic diagram of the geometrical model in the top panel of Figure 7 .
For this model, we assumed a periodic variation in the injection velocity V jet and constant mass-loss rateṁ jet . In this scenario, the radiation is produced by internal working surfaces which move outwards over time from a central source. In particular, we consider a stellar conical outflow expelled with a sinusoidal variation in the injection velocity, V jet = V w − V c sin(ωτ ), where V w is the mean velocity of the outflow, V c is the amplitude of the velocity variation, w is the frequency, and τ is the injection time.
In order to obtain the flux density from the bipolar outflow, González (2002) and Rodríguez et al. (2012) found the conditions that indicate whether or not a working surface is intersected by a given line of sight. For this goal, this model described the internal working surfaces as polar caps (portions of spheres) whose physical sizes depend on the opening angle θ a and their position from the central source. First, the total optical depth along each line of sight is estimated adding the optical depths of the working surfaces intersected by each line of sight. Then, the intensity emerging from each direction is calculated, and finally, the total flux emitted by the system is computed by integrating this intensity over the solid angle. We present the predictions of our model in the bottom panel of Figure 7 . We show a numerical example for the radiocontinuum flux at λ = 1.3 cm and λ = 3.6 cm. The opening angle of the cones is θ a = 45
• and the inclination angle is θ i = 45
• . We assumed a mean velocity V w = 125 km s −1 , an amplitude V c = 75 km s −1 , and oscillation frequency ω= 6.28 yr −1 (that is, a period P = 2π/ω= 1 yr) and a constant massloss rateṁ = 5 × 10 −8 M yr −1 . At a time t 0.6 yr, the first working surfaces in both cones are formed. Initially, the flux densities increase, reaching maximum values of S 1.3 cm 0.078 mJy and S 3.6 cm 0.085 mJy at a time t 0.85 yr. At this time, the model predicts a spectral index α 1.3−3.6 −0.084, as expected from optically thin emission. Afterward, the flux at both frequencies decreases until new working surfaces are formed. The predicted fluxes show a periodic behavior with the same oscillation period (P = 1 yr) of the injected velocity.
4.4. Proto-BDs as a scaled-down version of low-mass stars The models discussed in Section 4.3 allowed us to explore different possible geometries for the thermal emission detected in our sample of proto-BD candidates. In Table 3 , we summarize the parameters used in the models to reproduce the observed centimeter emission, which range, for the mass loss rate,ṁ, from 2 × 10 −9 to 5 × 10 −8 M yr −1 . Furthermore, we estimate a mass outflow rate,Ṁ out , of the outflow that would be powered by this wind/conical outflow of about an order of magnitude higher, following e. g., estimates from Beuther et al. (2002) and our own estimates from the outflow parameters obtained for the deeply embedded Class 0/I proto-BD candidates IC348-SMM2E and L328-IRS (Lee et al. 2013; Palau et al. 2014) . We show in Figure 8 how the mass outflow rates derived from the models lie in a typical relation found for young stellar objects for the mass outflow rate vs. the bolometric luminosity. We selected from the literature values corresponding to YSOs for a large range of L bol and mass outflow rates. We used the values originally published by Cabrit & Bertout (1992), Shepherd & Churchwell (1996) , Churchwell (1999) , Beuther et al. (2002) , and Zhang et al. (2005) , and added the values of three very low mass objects (in green): the VeLLO L1014-IRS, and the proto-BDs IC348-SMM2E and L328-IRS. Figure 8 shows that the values inferred from our models are in agreement with the values expected if the trends found for young stellar objects are extrapolated to the luminosities of our proto-BD candidates. In fact, the conical model seems to achieve the best agreement with the extrapolation, and reproduces the observed radio continuum fluxes only needing a relatively large mass outflow rate compared to the ones calculated for the two proto-BD candidates IC348-SMM2E and L328-IRS. Nonetheless, this difference in mass outflow rate is of about the same order of magnitude as the typical variation found forṀ out along the whole range of L bol , which can easily be of 1-2 orders of magnitude. However, since a spherically symmetric wind can also explain the radio observations with lower mass outflow rates, we believe that further research is needed to establish which mechanism is operating or even if a combination of mechanisms is needed.
Thus, the models we used to explain the centimeter "excess emission" found in the L cm vs. L bol plot ( Figure 5 ) require a range of mass outflow rates consistent with the values we would expect to find at very low bolometric luminosities if we would follow the trends found for YSOs. The models used in Section 4.3 are the same ones that are usually applied to low-mass YSOs, but with physical parameters adapted to the BD regime: smaller stellar wind velocities and smaller mass-loss rates than in low-mass YSOs. This supports the idea that the properties of proto-BDs are a continuation of the intrinsic properties of low-mass YSOs into the BD regime. There is also some evidence, although still confined to a few star forming clouds and relatively small number of objects, that the presence of thermal radio jets may be more common in the Class 0 phase of star formation, compared to Class I (see AMI Consortium et al. 2011a ,b, 2012 . As we mentioned in Section 3.2, three of the four objects where we detect thermal radio jets are probably Class 0/I or young Class I sources, given their relatively low T bol values. These three sources are also among the four sources with the lower T bol in the sample, which is what we would expect to find if the detection ratio in Class 0 and Class I YSOs is also extrapolated to the BD regime.
In order to explain the excess of centimeter emission with respect to the emission from YSOs, we propose that the initial pre-shock density could be be higher than what we assumed in our models, because proto-BDs could be less efficient in creating outflow cavities as compared to YSOs. This would also increase the efficiency of the shock and yield larger radio continuum fluxes. Additionally, the predictions of the models about the spectral indices of the centimeter emission are very consistent with our measurements, which are basically flat, indicating optically thin thermal emission. All these results, plus the first detection of thermal radio jets in proto-BD candidates, supports the idea that the formation mechanism of BDs is a scaled-down version of that of low-mass stars (Chabrier et al. 2014) .
CONCLUSIONS
We observed with the JVLA at 3.6 and 1.3 cm a sample of 11 proto-BD candidates in Taurus, selected from Spitzer data, that were associated with extended emission in 250 µm maps of Herschel. We detected emission over 3σ at both 1.3 and 3.6 cm in 5 sources (J041757, J041847, J041913, J041938, and J042123), only at 1.3 cm in J041836, and only at 3.6 cm in J041726 and J041740. Two of the sources, J041913 and J042123, are unresolved and clearly detected at both 3.6 and 1.3 cm, with intensity peaks between 0.3 and 0.9 mJy beam −1 , and show negative spectral indices, ∼ −0.6, tracing non-thermal synchrotron emission. We found using 21-cm continuum archival data that J042123 is a radiogalaxy and discarded it from further consideration. We also constructed the SEDs for the remaining ten objects of our sample using data from near-IR to cm wavelengths and calculated their bolometric luminosities, L bol , and temperatures, T bol . We find that the bolometric temperatures of all the sources fall in the typical range of Class I protostellar objects. Globally, we detect a large fraction, 70%, of our proto-BD candidates at either 1.3 or 3.6 cm, which showcases the high sensitivity of the JVLA for this kind of studies.
Four of the 1.3-cm detected sources (J041757, J041836, J041847, and J041938) show partially extended, typically ∼ 3 × 2 , and faint emission ∼ 0.1 mJy beam −1 , and their positions agree very well with the positions of the Spitzer sources. The emission of these four sources shows flat or slightly positive spectral indices, consistent with optically thin or partially thick thermal free-free emission associated with a thermal radio jet emanating from the protostar, which makes them excellent candidates to Class I proto-BDs. This would be the first detection of thermal radio jets in a sample of proto-BD candidates.
We also find that the four thermal radio jets show a centimeter emission excess when compared to the 3.6-cm vs. bolometric luminosity relationship found in low-mass YSOs. This excess is significant because L bol is an upper limit to the true luminosity of the object and it is also difficult to explain in-voking variable non-thermal emission or supersonic accretion onto a protostellar disk. We used models of the centimeter radio emission typically used for low-mass YSOs to explain this excess emission, assuming different geometries: a planeparallel shock wave, a constant spherical stellar wind and a variable conical outflow; and adapting values for the mass loss rate and wind velocity to BDs,ṁ ∼ 2 × 10 −9 -5 × 10 −8 M yr −1 and v ∼ 50-100 km s −1 . The models are able to reproduce approximately the measured fluxes at 3.6 cm. We also find that the modeled mass outflow rates for the bolometric luminosities of our objects agree reasonably well with the trends found betweenṀ out and L bol for YSOs. This indicates that the same mechanisms are at work for YSOs and proto-BDs and supports the idea that the intrinsic properties of proto-BDs are a continuation to smaller masses of the properties of low-mass YSOs. We propose that if BDs are less efficient in creating outflow cavities than YSOs, the initial pre-shock density could be higher and there would be an increase of the radio continuum flux, which would more easily explain the "excess" centimeter luminosities.
These results, in addition to the detection of thermal radio jets and the SEDs of our candidates consistent with Class I sources, suggests that the formation mechanism of our proto-BD candidates is a scaled-down version of that of low-mass stars. Future observations will resolve the morphology of the radio jets associated with BDs and will test if they show less collimation than their higher mass counterparts. a Absolute flux uncertainty. We adopted an absolute flux uncertainty of 25% for Herschel measurements. a Absolute flux uncertainty. We adopted an absolute flux uncertainty of 25% for Herschel measurements. 
